C ardiotrophin-1 (CT-1) is a member of the gp130 family of cytokines. In a recent study we examined the metabolic features of ct-1 null mice and the effects on body composition, glucose and lipid metabolism of acute and chronic administration of recombinant CT-1. Our data revealed that CT-1 is a key regulator of energy metabolism with potential applications in the treatment of obesity and the metabolic syndrome. This commentary discusses the significance of these findings in the context of other key studies in the field of obesity and insulin resistance.
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Obesity is considered to be a worldwide epidemic disease, the prevalence of which has dramatically increased among children, adolescents and adults during the last decades. It has been, in fact, recognized as one of the major global health problems. This health hazard is linked to increased risk of several types of common diseases including cardiovascular dysfunction, insulin resistance and type 2 diabetes mellitus, hypertension, dyslipidemia, nonalcoholic fatty liver and also various types of cancer. 1 Progress in understanding the regulation of energy metabolism and the pathogenesis of obesity is of paramount importance for the design of novel therapeutic options.
The interleukin (IL)-6 family of cytokines includes IL-6, IL-11, IL-27, leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), cardiotrophin-1 (CT-1), oncostatin M (OSM), cardiotrophin like cytokine (CLC) and neuropoietin (NP). These cytokines are commonly referred to as gp130 ligands/cytokines because all members of this family utilize glycoprotein 130 as a common signal transducer within their signaling receptor complex. Although there is some cross-talk among the gp130 cytokines, the complex signal transduction cascade is not common to all family members. IL-6 and IL-11 first bind to the IL-6 receptor a and IL-11 receptor a respectively, and then the complex associates with a gp130 homodimer β (gp130Rβ) complex for signaling. CNTF, CT-1, CLC and NP after binding to their specific a receptors induce formation of a heterodimer of the signal-transducing gp130Rβ and LIF receptor β (LIFRβ). 2 However, NP has also been reported to activate signal transducer and activator of transcription (STAT)3 in adipocytes independently of LIFRβ. 3 OSM interacts with gp130/OSM receptor (OSMRβ) complex and has also being reported to use gp130/LIFRβ. 2 In recent years, the IL-6 family of cytokines have been proposed as potential therapies in obesity and insulin resistance, based on their ability to modulate metabolic functions in adipocytes and myocytes and because of the efficacy of some of these cytokines in promoting weight loss and insulin sensitivity. 4 In particular, it has been reported that CNTF decreases fat mass and improves glucose tolerance in humans and rodents acting both centrally and peripherally. 5, 6 However, disappointing results were obtained in clinical trials using a human recombinant variant of CNTF (Axokine 1 ). 7 On the other hand, there has been considerable debate regarding the effects of IL-6 on insulin sensitivity 8, 9 but the pro-inflammatory properties of this cytokine limits its clinical use.
CT-1 is a 21.5 kDa protein that was named by its ability to induce myocyte hypertrophy, 10 and it is expressed in and released from the heart in response to stress.
11 CT-1 is also expressed in many other tissues such as skeletal muscle, liver, brain, lungs and kidneys with a broad spectrum of biological activities, including potent cytoprotective properties. 12 A recent publication by our group revealed that CT-1 is a master regulator of energy metabolism. 13 Mice lacking CT-1 exhibited reduced energy expenditure (EE) and developed adult-onset obesity, hypercholesterolemia and type 2 diabetes, closely mimicking the human metabolic syndrome. Given the fact, that CT-1 modulated fat and glucose metabolism we proposed that this cytokine might be a potential therapy for obesity and insulin resistance. Indeed, we observed that recombinant CT-1 (rCT-1) was able to correct obesity and associated diabetes in animal models of genetic (ob/ob mice) and acquired obesity (high fat diet-fed mice). These effects were related to an increase in EE and decreased food intake. The study also demonstrated a potent effect of rCT-1 on white adipose tissue (WAT), leading to a reduction of fat stores together with a dramatic remodeling of WAT, characterized by shrinkage of adipocytes and upregulation of genes involved in lipolysis, fatty acid oxidation, mitochondrial biogenesis and genes typifying brown-fat phenotype. Analogous metabolic remodeling of adipocytes has been described for CNTF. However, there are some important differences between CNTF and CT-1. In particular, rCT-1 is able to directly upregulate UCP1 (uncoupling protein 1) and Dio2 (deiodinase iodothyronine type II) in cultured adipocytes, while CNTF has no comparable effect on these genes. Moreover, while rCT-1 enhances lipolysis in cultured adipocytes (unpublished observations), CNTF fails to do this. Our findings showed that CT-1 can activate fat mobilization and fat utilization in WAT, which might explain the adipose-tissue lowering effect of this cytokine.
WAT is no longer considered a passive reservoir for storing lipids, but rather an important organ influencing energy metabolism, insulin sensitivity and inflammation by the secretion of a number of signaling hormones (referred to generically as adipokines) including leptin, adiponectin, resistin, visfatin, tumor necrosis factor (TNF)-a and plasminogen activator inhibitor-1 (PAI-1). Our data have revealed that CT-1 is a cytoadipokine that critically influences WAT metabolism.
CT-1 mRNA expression levels are higher in skeletal muscle, heart and liver compared with WAT. 13 CT-1 lacks signal peptide, but it has been shown that CT-1 can be released to extracellular milieu by different stimuli such as hypoxia or reactive oxygen species (ROS).
14 In fact, CT-1 is circulating in plasma and its concentration is elevated in arterial hypertension and coronary artery disease. 11, 12 Recently, increased serum CT-1 levels have been found in obesity, 15, 16 possibly as result of augmented secretion by a diversity of organs altered in this disease. The metabolic, cytoprotective and hypotensor properties described for CT-1 suggest that the reported overproduction of CT-1 observed in subjects with these pathologies could be a protective mechanism to counteract the emergence of obesity-related disorders such as type 2 diabetes or cardiovascular dysfunctions. In ob/ob mice CT-1 mRNA abundance was significantly increased in muscle, but not in WAT, as compared with wild-type animals (unpublished observations). Accordingly, it is tempting to speculate that the high circulating levels of CT-1 described in obesity derives more from skeletal muscle than from WAT. It has been shown that muscles have the capacity to secrete several myokines which act in a hormone-like fashion and exert specific endocrine effects on distant organs or locally via paracrine mechanisms. 17 Our data showed that rCT-1 markedly stimulates fatty acid oxidation and influences glucose homeostasis by acting on skeletal muscle. Indeed, acute rCT-1 administration activates AKT in this tissue and enhances insulin-induced AKT activation. Interestingly, in vitro incubation of L6E9 myocytes with rCT-1 increases insulinmediated AKT phosphorylation and glucose uptake. As the skeletal muscle is the largest organ in human body, the decreased plasma glucose observed after systemic administration of rCT-1 could be explained by the specific effects of rCT-1 in muscle. Importantly, chronic rCT-1 treatment increased insulin-induced AKT phosphorylation in muscle of wild-type mice and when given chronically for 10 d to ob/ob mice reduced significantly the levels of glucose and insulin together with an improvement in ITT compared with both saline and pair-fed groups. 13 It has been reported that CT-1 may cause insulin resistance in adipocytes. As other members of IL-6 family of cytokines, CT-1 induces the expression of suppressor of cytokine signaling (SOCS)3, 18 a molecule that binds to the insulin receptor inhibiting insulin receptor substrate (IRS)-1 phosphorylation and downstream insulin signaling. In addition, SOCS3 has been shown to inhibit insulin signaling by targeting IRS-1 and -2 for proteasomal degradation. 19 As SOCS3 is upregulated in WAT from different models of obese mice, 20 it has been proposed that this molecule might promote insulin resistance in WAT. However, the study of the role of SOCS3 in WAT by creating fat-specific SOCS3 transgenic mice showed that, although overexpression of this molecule in adipocytes inhibited local insulin action, it improved systemic glucose metabolism in animals subjected to a high-fat diet. It was found that SOCS3 transgenics showed increased serum levels of adiponectin and decreased WAT mass indicating that the reduction of adipocyte size and the increase of insulin-sensitizing adipokines exert a dominant effect on systemic insulin sensitivity, overcoming local adipocyte insulin resistance. 21 In fact, adipose tissue is responsible for only 10% of whole-body glucose uptake, while muscle accounts for 80-90%. 22 Therefore, insulin resistance in WAT may not necessarily cause systemic insulin resistance. Furthermore, a previous report has shown that CNTF is effective on insulin sensitivity of skeletal muscle by bypassing the effects of SOCS3 induction by high-fat diet. 23 Although we did not test the effects of SOCS3 overexpression on CT-1-induced signaling in WAT, it is important to mention that neither acute nor chronic rCT-1 treatment inhibited insulin-induced AKT phosphorylation in WAT from obese mice and cultured adipocytes, 13 suggesting that CT-1 effects are not impaired by SOCS3.
Taken into account these effects and the fact that CT-1 mRNA expression increased in skeletal muscle in circumstances of obesity and insulin resistance, the overall interpretation could be that increased CT-1 mRNA expression in skeletal muscle could represent a protective mechanism to counteract fat accumulation and to facilitate glucose uptake by the muscle acting in an autocrine or paracrine manner. In this context, it has been shown that mRNA levels of IL-6, a prototypic myokine, increase after 30 min of exercise, sensitizing myocytes to insulin action, 24 which underscores the fact that proteins from skeletal muscle influence local muscle biology. Myokines could also induce metabolic effects in distant organs such as adipose tissue, liver and brain. Recently, it has been shown that IL-6 secreted by skeletal muscle or WAT mediates crosstalk between insulin-sensitive tissues, intestines and pancreatic islets through glucagonlike-peptide-1 (GLP-1). 25 CT-1 mRNA expression increased markedly when mice were subjected to 48 h fast and decreased rapidly upon refeeding. Those changes were observed in a variety of organs including skeletal muscle, WAT and liver, indicating that CT-1 is regulated by nutritional status. 13 During fasting, circulating glucagon and glucocorticoids levels are elevated as well as free fatty acids (FFA), all those factors serve as mediators of the adaptive response to starvation by inducing changes in gene expression to deal with the new metabolic conditions. Because CT-1 mRNA is induced during fasting, further investigations will be needed in order to determine the role of cAMP (the mediator of glucagon action), glucocorticoids or FFA in the regulation of CT-1. It has been reported that glucose upregulates CT-1 mRNA levels in cultured murine adipocytes and that serum CT-1 levels are significantly higher in subjects with hyperglycemia. 15 Our data would argue against the mentioned hypothesis, since glucose levels tend to decrease in fasting when CT-1 is upregulated; however, more investigations are required to better understand the nutritional regulation of CT-1. As CT-1 is induced by fasting, it appears to play a role in the biological response to starvation by enhancing hydrolysis of triglycerides and providing FFA to other tissues to be oxidized in situations of energy depletion. In this regard, as mentioned before, we found that rCT-1 enhances the expression of lipolytic genes in WAT, promotes lipolysis in adipocytes and boosts FFA oxidation in muscle. 13 
Future Perspectives
Our data point to CT-1 as a promising therapy for obesity and type 2 diabetes. This is not only because CT-1 activates fat utilization and improves insulin sensitivity acting on WAT and muscle, but also because it possesses anorexigenic properties. Another hallmark of our study was the finding that the administration of rCT-1 caused a significant fall in plasma glucose in mice with streptozotocin (STZ)-induced insulin deficiency, demonstrating an insulin-independent effect of CT-1 on glucose homeostasis, and suggesting a potential application in type 1 diabetes by helping to obtain a better glycemic control and reducing the requirements of insulin. Further research is needed to determine the actions of CT-1 in pancreatic islet including if the cytokine would be able to preserve the function of insulin-producing β cells. Liver is also a key organ for glucose and lipid metabolism. Previous studies of our group have evidenced the hepatoprotective properties of CT-1. 14, [26] [27] [28] Research should be also focused in the metabolic effects of CT-1 on hepatic glucose and lipid metabolism, including the regulation of lipogenesis, gluconeogenesis as well as hepatic insulin sensitivity and glucose production, which play important roles in the development of hyperglycemia and hyperlipidemia of diabetes. Another issue to be solved is the physiological role of CT-1 in the regulation of food intake and EE. We clearly demonstrated the anorexigenic properties of pharmacological doses of rCT-1, but we also observed that ct-1 null mice represent a model of hypophagic obesity. We hypothesized that the hypophagia of these animals may be a compensatory mechanism to slow down excessive weight gain as result of low EE. 13 Nevertheless, the underlying biochemical/molecular mechanisms by which CT-1 regulates food intake and basal metabolic rate remain to be elucidated. Moreover, given the potential of CT-1 to influence energy homeostasis, it is important to determine whether variability in the ct-1 gene is associated with a higher risk of developing obesity in humans. Taking into account the beneficial effects described for CT-1 in obesity and insulin resistance in rodents, we may hypothesize that the reported overproduction of CT-1 in obese subjects with metabolic syndrome 15, 16 could be a protective mechanism opposing the emergence of obesityrelated disorders. More importantly, the efficacy of safe and well-tolerated doses of CT-1 in the treatment of human obesity and metabolic syndrome remains to be demonstrated in clinical trials.
